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DESCRffT^ 01 FEB 2006 

HIGH-STRENGTH STEEL SHEET HAVING EXCELLENT DEEP DRAW ABILITY 
AND PROCESS FOR PRODUCING THE SAME 

Technical Field 

[0001] The present invention provides a high-strength steel sheet useful for applications to 
automobile steel sheets and the like and having excellent deep drawability, a high tensile strength 
(TS) of 440 MPa or more, and a high r value (average r value > 1 .2), and also provides a process 
for producing the same. 

Background Art 

[0002] From the viewpoint of global environment conservation, improvement in the fuel 
consumptions of automobiles has recently been required for satisfying the C0 2 emission 
regulations. In addition, in order to secure safe of passengers at the time of crash, improvement 
in the safety of motor vehicle bodies has been also required mainly in consideration of the 
crashworthiness of vehicle bodies. In this way, weight lightening and strengthening of vehicle 
bodies have been positively advanced. 

[0003] In order to simultaneously achieve weight lightening and strengthening of vehicle 
bodies, it is said to be effective that a part material is strengthened and the thickness of a part of 
sheet is decreased within a range which causes no problem of rigidity, and the weight is 
decreased by decreasing the thickness of a sheet. Therefore, high-tensile strength steel sheets 
have been recently positively used for automobile parts. 



[0004] The weight lightening effect increases as the strength of the steel sheet used increases, 
and thus the car industry has the tendency to use steel sheets having a tensile strength (TS) of 
440 MPa or more, for example, as panel materials for inner parts and outer parts. 
[0005] On the other hand, many automobile parts made of steel sheets are formed by press 
forming, and thus steel sheets for automobiles are required to have excellent press formability. 
However, high-strength steel sheets are greatly inferior in formability, particularly deep 
drawability, to general mild steel sheets. Therefore, steel sheets having high deep drawability 
and a TS of 440 MPa or more, more preferably a TS of 500 MPa or more, and further preferably 
a TS of 590 MPa or more have been increasingly required for advancing weight lightening of 
vehicles. Also, high-strength steel sheets having a high Lankford value (referred to as a "r 
value" hereinafter), which is an evaluation index for deep drawability, for example, average r 
value > 1.2, have been required. 

[0006] As means for increasing strength while maintaining a high r value, Ti and Nb are 
added in amounts sufficient to fix carbon and nitrogen dissolved in ultra low carbon steel to form 
IF (Interstitial atom free) steel to be used as a base, and solid-solution strengthening elements 
such as Si, Mn, P, and the like are added to the base. This method is disclosed in, for example, 
Patent Document 1 . 

[0007] Patent Document 1 discloses a technique for a high-strength cold rolled steel sheet 
having excellent formability, anti-aging properties, a tensile strength at the level of 35 to 45 
kgf/mm 2 (level of 340 to 440 MPa), and the composition: C: 0.002 to 0.015%, Nb: C% x 3 to 
C% x 8 + 0.020%, Si: 1.2% or less, Mn: 0.04 to 0.8%, and P: 0.03 to 0.10%. Specifically, this 
document discloses that a anti-aging high-strength cold-rolled steel sheet having a TS of 46 
kgf/mm 2 (450 MPa) and an average r value of 1.7 can be produced by hot rolling, cold rolling, 
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and recrystallization annealing ultra low carbon steel used as a raw material and containing 
0.008% of C, 0.54% of Si, 0.5% of Mn, 0.067% of P, and 0.043% of Nb. 

[0008] However, it has been known that when a high-strength steel sheet having a tensile 
strength of 440 MPa or more or a higher tensile strength of 500 MPa or more or 590 MPa or 
more is produced by the technique of adding solid-solution strengthening elements to ultra low 
carbon steel used as a raw material, the amounts of the alloy elements added are increased to 
cause the problem of surface appearance, the problem of degrading plating performance, the 
problem of secondary cold- work embrittlement, and the like. Also, the addition of large amounts 
of solid-solution strengthening elements decreases the r value, thereby causing the problem that 
the r value level is decreased as strength is increased. Furthermore, in order to decrease a carbon 
content to the ultra low carbon region, such a C content of less than 0.010% as disclosed in the 
cited document 1, vacuum degassing must be performed in a steel making process. This means 
that a large amount of CO2 is generated in a production process. Therefore, from the viewpoint 
of global environment conservation, it is difficult to say that this technique is a preferable 
technique. 

[0009] Besides the above-described solid-solution strengthening method, a microstructure 
strengthening method can be used as a method for increasing the strength of a steel sheet. For 
example, a dual phase steel sheet (DP steel sheet) having a soft ferrite phase and a hard 
martensite phase is produced by this method. A DP steel sheet generally has characteristics, 
such as substantially excellent ductility, an excellent strength-ductility balance (TS x El), and a 
low yield ratio(YS/TS). In other words, the DP steel sheet has characteristics, such as a low 
yield ratio for the tensile strength and excellent shape fixability in press forming. However, the 
steel sheet has a low r value and unsatisfactory deep drawability. This is said to be due to the 
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fact that dissolved C, which is essential in forming a martensite phase, inhibits the formation of a 
{111} recrystallized texture effective in increasing the r value. 

[0010] For example, Patent Document 2 or 3 discloses a technique as an attempt to improve 
the r value of such a dual-phase steel sheet. 

[0011] Patent Document 2 discloses a method including cold rolling, box annealing at a 
temperature of a recrystallization temperature to an AC3 transformation point, heating to 700 to 
800°C for forming a dual phase, and then quenching and tempering. However, this method 
includes quenching and tempering in continuous annealing, and thus has the problem of 
production cost. Also, box annealing is inferior in treatment time and efficiency to continuous 
annealing. 

[0012] The technique of Patent Document 3 for achieving a high r value includes cold 
rolling, box annealing at a temperature in a ferrite (a)-austenite (y) intercritical region, and then 
continuous annealing. In this technique, Mn is concentrated from a a phase to a y phase in 
soaking for box annealing. Then, the Mn-concentrated phase is preferentially converted to the y 
phase during continuous annealing, and thereby a mixed microstructure can be obtained by 
cooling even at a gas jet cooling rate. However, this method requires long-term box annealing at 
a relatively high temperature for concentrating Mn, and also requires a large number of steps. 
Therefore, the method has not only low economics from the viewpoint of production cost but 
also many problems with the production process, such as the adhesion of coiled steel sheets, the 
occurrence of a temper color, a decrease in life of a furnace inner cover, and the like. 
[0013] Patent Document 4 discloses a process for producing a dual-phase high-strength cold- 
rolled steel sheet having excellent deep drawability and shape fixability, in which steel 
containing 0.003 to 0.03% of C, 0.2 to 1% of Si, 0.3 to 1.5% of Mn, and 0.02 to 0.2% of Ti 
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((effective Ti/(C+N)) atomic concentration ratio of 0.4 to 0.8) is hot-rolled, cold-rolled, and then 
continuously annealed by heating to a predetermined temperature and then rapidly cooling. 
Specifically, the document discloses that steel having a composition including, % by mass, 
0.012% of C, 0.32% of Si, 0.53% of Mn, 0.03% of P, and 0.051% of Ti is cold-rolled, heated to 
870°C in a oc-y intercritical region, and then cooled at an average cooling rate of 100 °C/s to 
produce a dual-phase cold rolled steel sheet having a r value of 1.61 and a TS of 482 MPa. 
However, a water quenching apparatus is required for achieving a cooling rate of as high as 100 
°C/s, and a problem with surface treatment properties of a water-quenched steel sheet is 
actualized, thereby causing problems of production equipment and material quality. 
[0014] Patent Document 5 discloses a technique for improving the r value of a dual-phase 
steel sheet by optimizing the V content in relation to the C content. In this technique, C 
contained in steel is precipitated as a V-based carbide to minimize the amount of dissolved C 
before recrystallization annealing, thereby achieving a high r value. Then, the steel is heated in 
the a-y intercritical region to dissolve the V-based carbide and concentrate C in the y phase, and 
then cooled to produce a martensite phase. The addition of V increases the cost because V is 
expensive, and VC precipitated in the hot-rolled sheet increases deformation resistance in cold 
rolling. Therefore, for example, in cold rolling with a reduction ratio of 70% as disclosed in an 
example, a load on a roll is increased to cause the problems with production, such as an increase 
in the danger of occurrence of a trouble and the possibility of decreasing productivity. 
[0015] Furthermore, Patent Document 6 discloses a technique as a technique for a high- 
strength steel sheet having excellent deep drawability and a process for producing the same. 
This technique is aimed at producing a high-strength steel sheet having a predetermined C 
content, an average r value of 1 .3 or more, and a microstructure containing at least one of bainite, 
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martensite, and austenite in a total of 3% or more. The process for producing the steel sheet 
includes cold rolling with a reduction rate of 30 to 95%, annealing for forming Al and N clusters 
and precipitates to develop a texture and increase the r value, and then heat treatment for causing 
the texture to contain at least one of bainite, martensite, and austenite in a total of 3% or more. 
This method requires annealing for achieving a high r value after cold rolling and then heat 
treatment for obtaining the texture, and the annealing step basically includes box annealing and 
requires a long holding time of 1 hour or more, thereby causing the problem of low productivity 
of the process (processing time). Furthermore, the resultant texture has a relatively high second 
phase fraction, and thus it is difficult to stably secure an excellent strength-ductility balance. 

Patent Document 1: Japanese Unexamined Patent Application Publication No. 56- 

139654 

Patent Document 2: Japanese Examined Patent Application Publication No. 55-10650 
Patent Document 3: Japanese Unexamined Patent Application Publication No. 55- 

100934 

Patent Document 4: Japanese Examined Patent Application Publication No. 1-35900 
Patent Document 5: Japanese Unexamined Patent Application Publication No. 2002- 

226941 

Patent Document 1: Japanese Unexamined Patent Application Publication No. 2003- 

64444 

Disclosure of Invention 

[0016] The conventional method for increasing strength by solid- solution strengthening, 
which has been conventionally investigated, requires the addition of large amounts or excessive 
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amounts of alloy elements for increasing the strength of a (mild) steel sheet having excellent 
deep drawability, and thus the method has problems with the cost and process and problems with 
improvement in the r value. 

[0017] The method utilizing microstructure strengthening requires two times of annealing 
(heating) and high-speed cooling equipment, and thus has problems with the production process. 
Although the method utilizing VC is also disclosed, the addition of expensive V increases the 
cost, and the precipitation of VC increases deformation resistance in rolling, thereby causing 
difficulty of stable production. 

[0018] An object of the present invention is to resolve the problems of the conventional 
methods and provide a high-strength steel sheet having a TS of 440 MPa or more, an average r 
value > 1.2, and excellent deep drawability, and a production process therefor. Another object of 
the present invention is to provide a high-strength steel sheet having a high average r value of 1.2 
or more and excellent deep drawability while maintaining high strength, such as TS > 500 MPa 
or TS > 590 MPa, and a production process therefor. 

[0019] As a result of intensive research for solving the above-described problems, the 
production of a high-strength steel sheet having an average r value of 1 .2 or more and excellent 
deep drawability was succeeded by controlling the Nb content in relation to the C content within 
a C content range of 0.010 to 0.050% by mass without using special or excessive alloy elements 
and equipment, the steel sheet having a steel microstructure containing a ferrite phase and a 
martensite phase. 

[0020] In other words, the gist of the present invention lies in the following: 

(1) A high-strength steel sheet having excellent deep drawability, an average r value of 
1.2 or more, and a composition containing, by % by mass: 
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C: 0.010 to 0.050%; 
Si: 1.0% or less; 
Mn: 1.0 to 3.0%; 
P: 0.005 to 0.1%; 
S: 0.01% or less; 
Al: 0.005 to 0.5%; 
N: 0.01% or less; 
Nb: 0.01 to 0.3%; and 

the balance substantially including Fe and inevitable impurities, the Nb and C contents in steel 
satisfying the relation, (Nb/93)/(C/12) = 0.2 to 0.7 (wherein Nb and C represents the contents (% 
by mass) of the respective elements), and the steel microstructure containing a ferrite phase and a 
martensite phase at area ratios of 50% or more and 1% or more, respectively. 

(2) The high-strength steel sheet having excellent deep drawability described above in 
(1), the steel sheet satisfying the following relation between the normalized X-ray integrated 
intensity ratios of (222) plane, (200) plane, (110) plane, and (310) plane parallel to the sheet 
plane at a 1/4 thickness of the steel sheet: 

P(222/{P(2oo) + P(iio) + P(3io)} ^ 1.5 (wherein P (22 2), P(200), P(iio), and P (3U » are the 
normalized X-ray integrated intensity ratios of the (222) plane, (200) plane, (110) plane, and 
(310) plane, respectively, parallel to the sheet plane at a 1/4 thickness of the steel sheet). 

(3) The high-strength steel sheet having excellent deep drawability described above in (1) 
or (2), the steel sheet further containing at least one of Mo, Cr, Cu, and Ni in a total of 0.5% by 
mass or less in addition to the above-described composition. 
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(4) The high-strength steel sheet having excellent deep drawability described above in 
(1), (2), or (3), the steel sheet further containing 0.1% by mass or less of Ti in addition to the 
above-described composition, the contents of Ti, S, and N satisfying the following relation: 

(Ti/48)/{(S/32) + (N/14)} < 2.0 (wherein Ti, S, and N represent the contents (% by mass) 
of the respective elements). 

(5) The high-strength steel sheet having excellent deep drawability described above in 
any one of (1) to (4), the steel having a plated layer on a surface thereof. 

(6) A process for producing a high-strength steel sheet having excellent deep drawability, 
the process including a hot rolling step of finish-rolling a steel slab by hot rolling at a finisher 
delivery temperature of 800°C or more and coiling the hot-rolled sheet at a coiling temperature 
of 400 to 720°C, a cold-rolling step of cold-rolling the hot-rolled sheet to form a cold-rolled 
sheet, and a cold-rolled sheet annealing step of annealing the cold-rolled sheet at an annealing 
temperature of 800 to 950°C and then cooling the annealed sheet in a temperature range from the 
annealing temperature to 500°C at an average cooling rate of 5 °C/s or more, the steel slab 
having a composition containing, by % by mass: 

C: 0.010 to 0.050%; 
Si: 1.0% or less; 
Mn: 1.0 to 3.0%; 
P: 0.005 to 0.1%; 
S: 0.01%) or less; 
Al: 0.005 to 0.5%; 
N: 0.01% or less; 
Nb: 0.01 to 0.3%; and 
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the Nb and C contents in steel satisfying the relation, (Nb/93)/(C/12) = 0.2 to 0.7 (wherein Nb 
and C represent the contents (% by mass) of the respective elements). 

(7) A process for producing a high-strength steel sheet having excellent deep drawability 
includes a hot rolling step of hot-rolling a steel slab to form a hot-rolled sheet having an average 
crystal grain size of 8 jam or less, a cold-rolling step of cold-rolling the hot-rolled sheet to form a 
cold-rolled sheet, and a cold-rolled sheet annealing step of annealing the cold-rolled sheet at an 
annealing temperature of 800 to 950°C and then cooling the annealed sheet in a temperature 
range from the annealing temperature to 500°C at an average cooling rate of 5 °C/s or more, the 
steel slab having a composition containing, by % by mass: 

C: 0.010 to 0.050%; 
Si: 1.0% or less; 
Mn: 1.0 to 3.0%; 
P: 0.005 to 0.1%; 
S: 0.01% or less; 
Al: 0.005 to 0.5%; 
N: 0.01% or less; 
Nb: 0.01 to 0.3%; and 

the Nb and C contents in steel satisfying the relation, (Nb/93)/(C/12) = 0.2 to 0.7 (wherein Nb 
and C represent the contents (% by mass) of the respective elements). 

(8) The process for producing the high-strength steel sheet having excellent deep 
drawability described above in (6) or (7), in which the steel slab further contains at least one of 
Mo, Cr, Cu, and Ni at a total of 0.5% by mass or less in addition to the above-described 
composition. 
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(9) The process for producing the high-strength steel sheet having excellent deep 
drawability described above in (6), (7), or (8), in which the steel slab further contains 0.1% by 
mass or less of Ti in addition to the above-described composition, the contents of Ti, S, and N in 
steel satisfying the following relation: 

(Ti/48)/{(S/32) + (N/14)} < 2.0 (wherein Ti, S, and N represent the contents (% by mass) 
of the respective elements). 

(10) The process for producing the high-strength steel sheet having excellent deep 
drawability described above in any one of (6) to (9), the process further including a plating step 
of forming a plated layer on a surface of the steel sheet after the cold-rolled sheet annealing step. 
[0021] In the present invention, a texture suitable for deep drawability is developed under a 
condition in which unlike in conventional ultra low carbon IF steel, the amount of dissolved C 
adversely affecting deep drawability is not excessively decreased in a rage of 0.010 to 0.050% by 
mass, leaving an amount of dissolved C necessary for forming a martensite phase, thereby 
securing an average r value of 1.2 or more and high drawability and forming a dual-phase 
microstructure of steel having a ferrite phase and a second phase including a martensite phase. 
As a result, a high strength TS of 440 MPa or more, preferably 500 MPa or more, and more 
preferably 590 MPa or more can be achieved. 

[0022] Although the reason for this is not necessarily clear, a conceivable reason is as 
follows: 

Conventional effective means for increasing the r value of a mild steel sheet by 
developing a {111} recrystallized texture is to minimize the amount of dissolved C before cold 
rolling and recrystallization or to make fine the microstructure of a hot-rolled sheet. On the other 
hand, the above-described DP steel sheet requires dissolved C for forming a martensite phase 
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and thus has a low r value because a recrystallized texture as a main phase is not developed. 
However, in the present invention, it has been newly found that there is a very preferred 
component region capable of both developing a {111} recrystallized texture of a ferrite phase 
serving as a matrix phase and forming a martensite phase. In other words, it has been newly 
found that by controlling the C content to 0.010 to 0.050% by mass which is lower than that of a 
conventional DP steel sheet (low carbon steel level) and higher than that of ultra low carbon 
steel, and appropriately adding Nb according to the C content, development of a texture suitable 
for deep drawability, such as a {111} recrystallized texture, formation of a martensite phase can 
be both achieved. 

[0023] As conventionally known, Nb has a retarding effect on recrystallization, and a hot- 
rolled sheet microstructure can be made fine by appropriately controlling the finishing 
temperature of hot rolling. Also, Nb contained in steel has the high ability of forming a carbide. 
[0024] According to the present invention, in particular, the hot-rolling finish temperature is 
controlled in an appropriate range directly above the Ar 3 transformation point to make fine the 
hot-rolled sheet microstructure, and the coiling temperature after hot rolling is also appropriately 
set to precipitate NbC in the hot-rolled sheet and decrease the amount of dissolved C before cold 
rolling and before recrystallization. 

[0025] Furthermore, the Nb content and C content are set to satisfy the relation 
(Nb/93)/(C/12) = 0.2 to 0.7, leaving C not precipitated as NbC. 

[0026] It has been thought that the presence of such C inhibits the development of a {111} 
recrystallized texture. However, in the present invention, a higher r value can be achieved under 
a condition in which C is not completely precipitated and fixed as NbC, leaving dissolved C 
necessary for forming a martensite phase. 
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[0027] Although the reason for this is not clear, a conceivable reason is that within the scope 
of the present invention, the positive factor of the presence of solute C for refinement of the hot- 
rolled sheet microstructure is larger than the negative factor of the presence of solute C for the 
formation of a {111} recrystallized texture. The precipitation of NbC has not only the effect of 
precipitating and fixing solute C possibly inhibiting the formation of the {111} recrystallized 
texture but also the effect of suppressing the precipitation of cementite. In particular, coarse 
cementite on a grain boundary decreases the r value, but Nb possibly has the effect of inhibiting 
the precipitation of coarse cementite at a grain boundary because of the higher grain boundary 
diffusion rate than the transgranular diffusion rate. Furthermore, during cold rolling, a matrix is 
hardened due to the presence of the finely precipitated NbC within a grain (matrix), and thus 
strain is easily accumulated near a grain boundary relatively softer than the matrix. Therefore, 
the effect of accelerating the occurrence of a {1 1 1} recrystallized grain from a grain boundary is 
estimated. In particular, it is supposed that the effect of the precipitation of NbC in the matrix is 
exhibited within the appropriate C content range (0.010 to 0.050% by mass) of the present 
invention, not effective at the C content of conventional ultra low carbon steel. The technical 
idea of the present invention is based on the finding of the appropriate C content range. 
[0028] It is further supposed that C other than NbC is possibly present in the form of a 
cementite carbide or solute C. However, the presence of C not fixed as NbC permits the 
formation of a martensite phase during cooling in the annealing step, thereby succeeding in 
increasing strength. 

[0029] According to the production process of the present invention, a degassing step for 
making ultra low carbon steel in the steel making process is not required, and excessive alloy 
elements need not be added for utilizing solid-solution strengthening, as compared with 
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conventional processes. Therefore, the production process is advantageous in cost. Furthermore, 
a special element which increases the alloy cost and rolling load, such as V, need not be added. 

Brief Description of the Drawings 

[0030] Fig. 1 is a graph which plots the calculated average r values and P(222)/{P(200) + P(i io> + 
P(3io)} values of various steel sheets of the present invention and steel sheets of comparative 
examples. 

[0031] Fig. 2(a) is an optical microphotograph of a hot-rolled sheet immersed in a nital 
solution to corrode the surface thereof in a comparative example not satisfying the proper range 
of the present invention. 

[0032] Fig. 2(b) is an optical microphotograph of a hot-rolled sheet immersed in a nital 
solution to corrode the surface thereof in a comparative example not satisfying the proper range 
of the present invention. 

[0033] Fig. 3(a) is an optical microphotograph of a hot-rolled sheet immersed in a nital 
solution to corrode the surface thereof in an example satisfying the proper range of the present 
invention. 

[0034] Fig. 3(b) is an optical microphotograph of a hot-rolled sheet immersed in a nital 
solution to corrode the surface thereof in an example satisfying the proper range of the present 
invention. 

Best Mode for Carrying Out the Invention 

[0035] The present invention will be described in detail below. 
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[0036] The unit of the content of any element is "% by mass", but hereinafter the content is 
simply shown by "%" unless otherwise specified. 

[0037] First the reasons for limiting the composition of a high-strength steel sheet of the 
present invention will be described. 
C: 0.010 to 0.050% 

[0038] C is an important element for the present invention together with Nb which will be 
described below. C is effective in increasing strength and promotes the formation of a dual 
phase containing a ferrite phase as a matrix phase and a second phase including a martensite 
phase. With a C content of less than 0.010%, the formation of the martensite phase becomes 
difficult. In the present invention, therefore, 0.010% or more, preferably 0.015% or more, of C 
must be added from the viewpoint of formation of a dual-phase. In particular, in order to obtain 
a high. strength TS of 500 MPa or more, of course, the strength can be adjusted using solid- 
solution strengthening elements, such as Si, Mn, P, and the like, in addition to the formation of a 
dual phase. However, from the viewpoint of making use of the characteristics of the steel sheet 
of the present invention, which is a dual-phase steel sheet, the strength is most preferably 
adjusted by controlling the C content. In this case, the C content is preferably controlled to 
0.020% or more, and in order to obtain a TS of 590 MPa or more, the C content is preferably 
controlled to 0.025% or more. Also, the C content preferably satisfies the relation to Nb, 
(Nb/93)/(C/12) = 0.2 to 0.7, and more preferably the relation, (Nb/93)/(C/12) = 0.2 to 0.5. 
[0039] However, the C content exceeding 0.050% inhibits the development of a texture 
suitable for deep drawability as in conventional ultra low carbon steel, thereby failing to obtain a 
high r value. Therefore, the upper limit of the C content is 0.050%. 
Si: 1.0% or less 
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[0040] Si promotes ferrite transformation and increases the C content in untransformed 
austenite to facilitate the formation of a dual phase including a ferrite phase and a martensite 
phase, and also has a solid-solution strengthening effect. In order to obtain the effect, the Si 
content is preferably 0.01% or more and more preferably 0.05% or more. On the other hand, 
with the Si content of over 1.0%, a surface defect referred to as a "red scale" occurs in hot 
rolling, thereby degrading the surface appearance of the resulting steel sheet. Therefore, the Si 
content is 1.0% or less. 

[0041] In hot dip galvanization (including alloying), Si degrades plating wettability to cause 
the occurrence of plating nonuniformity, thereby degrading plating quality. Therefore, in hot dip 
galvanizing, the Si content is preferably decreased to 0.7% or less. 
Mn: 1.0 to 3.0% 

[0042] Mn is effective in increasing strength and has the function to decrease the critical 
cooling rate with which a martensite phase can be obtained. Therefore, Mn accelerates the 
formation of a martensite phase during cooling after annealing, and thus the Mn content is 
preferably set according to the required strength level and the cooling rate after annealing. Mn is 
also an element effective in preventing hot brittleness due to S. From this viewpoint, 1.0% or 
more, preferably 1.2% or more, of Mn must be contained. Since the Mn content exceeding 3.0% 
degrades the r value and weldability, the upper limit of the Mn content is 3.0%. 
P: 0.005 to 0.1% 

[0043] P is an element effective in solid-solution strengthening. However, with a P content 
of less than 0.005%, not only this effect is not exhibited, but also the cost of dephosphorization 
in a steel making process is increased. Therefore, the P content is 0.005% or more and 
preferably 0.01% or more. On the other hand, an excessive P content of over 0.1% causes P 
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segregation at a grain boundary and thus degrades secondary cold-work embrittlement and 
weldability. When a hot-dip galvanized steel sheet is produced, Fe diffusion from the steel sheet 
to a plated layer is suppressed at the interface between the plated layer and the steel sheet during 
alloying after hot-dip galvanization, thereby impairing alloying performance. Therefore, 
alloying must be performed at a high temperature, and plate peeling such as powdering, 
chipping, or the like easily occurs in the resulting plated layer. Thus, the upper limit of the P 
content is 0.1%. 
S: 0.01% or less 

[0044] S is an impurity and causes hot brittleness, and is also present as an inclusion in steel 
and degrades the characteristics of a steel sheet. Therefore, the S content must be decreased as 
much as possible. Specifically, the S content is 0.01% or less because the S content up to 0.01% 
is allowable. 
Al: 0.005 to 0.5% 

[0045] Al is useful as a solid solution strengthening element and a deoxidization element for 
steel, and has the function to fix solute N present as an impurity to improve the anti-aging 
property. Furthermore, Al is useful as a ferrite forming element and a temperature control 
element for a ct-y intercritical region. In order to exhibit the function, the Al content must be 
0.005% or more. On the other hand, the Al content exceeding 0.5% causes a high alloy cost and 
induces a surface defect. Therefore, the upper limit of the Al content is 0.5% and preferably 
0.1% or less. 
N: 0.01% or less 

[0046] N is an element for degrading the anti-aging property, and thus the N content is 
decreased as much as possible. The anti-aging property degrades as the N content increases, and 
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a large amount of Ti or Al must be added for fixing solute N. Therefore, the N content is 
preferably as low as possible, but the upper limit of the N content is 0.01% because the N content 
up to about 0.01% is allowable. 
Nb: 0.01 to 0.3% and (Nb/93)/(C/12) = 0.2 to 0.7 

[0047] Nb is the most important element in the present invention and has the function to 
make fine the microstructure of a hot-rolled sheet and precipitate and fix C as NbC in the hot- 
rolled sheet. Nb is also an element contributing to an increase in the r value. From this 
viewpoint, 0.01% or more of Nb must be contained. On the other hand, in the present invention, 
solute C is required for forming a martensite phase in a cooling step after annealing. The 
excessive Nb content exceeding 0.3% inhibits the formation of the martensite phase, and thus the 
upper limit of the Nb content is 0.3%. 

[0048] In order to exhibit the effect of N, in particular, it is necessary that Nb and C are 
contained so that the Nb content (% by mass) and the C content (% by mass) satisfy the ratio of 
(Nb/93)/(C/12) = 0.2 to 0.7 (wherein Nb and C represent the contents of the respective elements). 
The ratio of (Nb/93)/(C/12) represents the atomic concentration ratio of Nb to C. When 
(Nb/93)/(C/12) is less than 0.2, the hot-rolled sheet refining effect of Nb is decreased, and the 
amount of solute C is increased particularly within a high C content range, thereby inhibiting the 
formation of a recrystallized texture effective in increasing the r value. When (Nb/93)/(C/12) 
exceeds 0.7, the presence of C in an amount necessary for forming the martensite phase in steel 
is inhibited, thereby failing to finally obtain a microstructure having a second phase including the 
martensite phase. 
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[0049] Therefore, the Nb content is 0.01 to 0.3%, and Nb and C are contained so that the Nb 
and C contents satisfy the ratio of (Nb/93)/(C/12) = 0.2 to 0.7 and more preferably 
(Nb/93)/(C/12) = 0.2 to 0.5. 

[0050] The basic composition of the high-strength steel sheet of the present invention is as 
described above. 

[0051] In the present invention, in addition to the above composition, at least one of Mo, Cr, 
Cu, and Ni, which will be described below, and/or Ti may be added. 
At least one of Mo, Cr, Cu, and Ni: 0.5% or less in total 

[0052] Like Mn, Mo, Cr, Cu, and Ni are elements having the function to decrease the critical 
cooling rate with which a martensite phase can be formed, and promoting the formation of a 
martensite phase in cooling after annealing, and also having an effect on improvement in the 
strength level. However, when at lease one of these elements is excessively added in a total of 
over 0.5%, the effect is saturated, and the cost is increased by the expensive element. The upper 
limit of the total of at least one of these elements is preferably 0.5%. 

Ti: 0.1% or less and Ti, S, and N contents in steel satisfying (Ti/48)/{(S/32) + (N/14)} < 2.0 
[0053] Ti is an element having an effect on precipitation and fixing of solute N, which is 
equivalent to or larger than that of Al. In order to obtain this effect, the Ti content is preferably 
0.005% or more. However, when over 0.1 % of Ti is excessively added, the cost is increased, 
and the presence of solute C necessary for forming the martensite phase in steel is inhibited by 
the formation of TiC. Therefore, the Ti content is preferably 0.1% or less. 
[0054] Furthermore, Ti preferentially bonds to S and N and next bonds to C. In view of a 
decrease in yield of Ti due to the formation of an inclusion in steel or the like, when Ti is added 
so that (Ti/48)/{(S/32) + (N/14)} exceeds 2.0, the effect of Ti addition on fixing of S and N is 



19 



saturated to rather promote the formation of TiC and increase the problem of inhibiting the 
presence of solute C in steel. Therefore, the Ti content preferably satisfies (Ti/48)/{(S/32) + 
(N/14)} < 2.0 which is a relation to the contents of S and N preferentially bonding to Ti in steel. 
In the relation, Ti, S, and N represent the contents (% by mass) of the respective elements. 
[0055] In the present invention, the balance, excluding the above-descried components, 
preferably substantially includes iron and inevitable impurities. 

[0056] Even when B, Ca, REM, or the like is added within an ordinary composition range of 
steel, no problem occurs. For example, B is an element having the function to improve the 
quenching hardenability of steel and can be added as occasion demands. However, when the B 
content exceeds 0.003%, the effect is saturated. Therefore, the B content is preferably 0.003% or 
less. 

[0057] Ca and REM have the function to control the form of a sulfide inclusion and thus 
prevent deterioration in characteristics of a steel sheet. When the total content of at least one 
selected from Ca and REM exceeds 0.01%, the effect tends to be saturated. Therefore, the total 
content is preferably 0.01% or less. 

[0058] Examples of the other inevitable impurities include Sb, Sn, Zn, Co, and the like. The 
allowable content ranges of Sb, Sn, Zn, Co are 0.01% or less, 0.1% or less, 0.01% or less, and 
0.1% or less, respectively. 

[0059] In addition to the above-described steel composition, the high-strength steel sheet of 
the present invention must have a microstructure of steel including a ferrite phase and a 
martensite phase at area fractions of 50% or more and 1% or more, respectively, and an average r 
value of 1.2 or more. 
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(1) Having a microstructure of steel including a ferrite phase and a martensite phase at 
area fractions of 50% or more and 1% or more, respectively. 

[0060] In order that the high-strength steel sheet of the present invention has high deep 
drawability and a tensile strength TS of 440 MPa or more, the steel sheet must be a steel sheet 
having a microstructure of steel including a ferrite phase and a martensite phase at area fractions 
of 50% or more and 1% or more, respectively, i.e., a dual-phase steel sheet. In particular, the 
ferrite phase contained at an area fraction of 50% or more has a microstructure in which a texture 
suitable for deep drawability is developed, and thus the average r value of 1.2 or more can be 
achieved. When the area fraction of the ferrite phase is decreased to less than 50%, satisfactory 
deep drawability is difficult to secure, and thus the press formability tends to decrease. The area 
fraction of the ferrite phase is preferably 70% or more. In order to utilize the advantage of the 
dual phase, the area fraction of the ferrite phase is preferably 99% or less. 

[0061] In the present invention, the ferrite phase includes a polygonal ferrite phase and a 
bainitic ferrite phase transformed from an austenite phase and having a high dislocation density. 
[0062] In the present invention, it is necessary that the martensite phase is present, and the 
area fraction of the martensite phase is 1% or more. When the area fraction of the martensite 
phase is less than 1%, it is difficult to secure TS > 440 MPa and thus difficult to achieve a 
satisfactory strength-ductility balance. The area fraction of the martensite phase is preferably 3% 
or more. 

[0063] Besides the ferrite phase and the martensite phase, the microstructure may further 
contain a pearlite phase, a bainite phase, or a residual austenite (y) phase. In order to sufficiently 
obtain the effects of the ferrite phase and the martensite phase, the total area fraction of the 
ferrite phase and the martensite phase is preferably 80% or more. 
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(2) Average r value: 1 .2 or more 
[0064] The high-strength steel sheet of the present invention satisfies the above-described 
composition and microstructure of steel and an average r value of 1.2 or more. 
[0065] The average r value represents the average plastic strain ratio determined according to 
JIS Z 2254 and is calculated according to the following equation: 

Average r value = (r 0 + 2r 4 s + r 90 )/4 
wherein r 0 , r 45 , and r 90 denote the measured plastic strain ratios of specimens sampled in 
directions at 0°, 45°, and 90°, respectively, with the rolling direction of the sheet plane. 
[0066] The high-strength steel sheet of the present invention preferably satisfies the above- 
described composition, microstructure of steel, and characteristics, and also the texture thereof 
preferably satisfies P(222)/{P(2oo) + P(iio) + Ppio)} ^ 1.5 and more preferably P (2 22)/{P(200) + P(iio) + 
P(3io)} ^ 2.0 wherein P(222> P(2oo> P(iio), and P (3 io) are the normalized X-ray integrated intensity 
ratios determined by X-ray diffraction for the (222) plane, (200) plane, (110) plane, and (310) 
plane, respectively, parallel to the sheet plane at a 1/4 thickness of the steel sheet. 
[0067] Fig. 1 is a graph which plots the calculated r values and P@22/ {P(2oo) + P(iio) + P(3io)} 
values of various steel sheets of the present invention and steel sheets of comparative examples. 
[0068] It is conventionally known that when a steel sheet has a {111} texture parallel to the 
sheet plane, the r value is high, but a {110} or {100} texture parallel to the sheet plane decreases 
a r value of steel. 

[0069] As a result of intensive research on a correlation between the r value and texture of 
the steel sheet of the present invention, it has been found that like the {100} and {110} planes, a 
(310) plane texture decreases the r value to a low extent, and thus a decrease in the (310) plane 
contributes to an increase in the r value, but details have not been clear. Although details are not 
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clear, it is thought that an increase in the reduction ratio of hot rolling in an unrecrystallized y 
region due to addition of Nb, the precipitation of fine NbC, and the presence of C not 
precipitated and fixed as NbC contribute to a decrease in the (310) plane. 
[0070] The {111} texture represents that the <111> crystal direction is oriented in the 
direction perpendicular to the sheet plane. From the viewpoint of crystallography and the Bragg 
reflection conditions, in a-Fe having a body centered cubic structure, (111) plane diffraction 
occurs at a (222) plane, not at the (111) plane, and thus (P222) of the (222) plane is used as the 
normalized X-ray integrated intensity ratio of the (111) plane. Since the [222] direction of the 
(222) plane is oriented in the direction perpendicular to the sheet plane, the <222> direction is 
substantially the same as the <1 1 1> direction. Therefore, a high intensity ratio of the (222) plane 
corresponds to the development of the {1 1 1} texture. Similarly, (P200) of a (200) plane is used as 
the normalized X-ray integrated intensity ratio of the (100) plane. 

[0071] The term "normalized X-ray integrated intensity ratio" means the relative intensity 
based on the normalized X-ray integrated intensity of a nonoriented standard sample (random 
sample). X-ray diffraction may be either an angular diffusion type or an energy dispersion type, 
and the X-ray source used may be either characteristic X-rays or white X-rays. The 
measurement planes preferably include 7 to 10 planes of (110) to (420) which are principal 
diffracting planes of a-Fe. Specifically, the position at a 1/4 thickness of the steel sheet indicates 
a range of 1/8 to 3/8 of the thickness from the surface of the steel sheet, and X-ray diffraction 
may be performed on any plane within this range. 

[0072] The high-strength steel sheet of the present invention may be a cold-rolled steel sheet 
or a steel sheet having a plated layer formed by surface treatment such as electroplating or hot- 
dip galvanization or galvannealed layer, i.e., a plated steel sheet. Examples of the plated layer 
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include plated layers conventionally formed on steel sheet surfaces, such as plated layers formed 
by pure zinc plating, zinc alloy plating using alloy elements including zinc as a main component, 
pure Al plating, and Al alloy plating using alloy elements including Al as a main component. 
[0073] Next, the preferred process for producing the high-strength steel sheet of the present 
invention will be described. 

[0074] Since the composition of a steel slab used in the production process of the present 
invention is the same as the composition of the above-described steel sheet, the description of the 
reasons for limiting the steel slab is omitted. 

[0075] The high-strength steel sheet of the present invention can be produced by a hot rolling 
step of hot-rolling the steel slab used as a raw material and having a composition within the 
above-described ranges to form a hot-rolled sheet, a cold-rolling step of cold-rolling the hot- 
rolled sheet to form a cold-rolled sheet, and a cold-rolled sheet annealing step of recrystallizing 
the cold-rolled sheet and forming a dual phase. 

[0076] In the present invention, first, the steel slab is finish-rolled by hot rolling at a finisher 
delivery temperature of 800°C or more, and then coiled at a coiling temperature of 400 to 720°C 
to form a hot-rolled sheet (hot rolling step). 

[0077] The steel slab used in the process of the present invention is preferably produced by a 
continuous casting method, for preventing micro segregation of the components. However, the 
steel slab may be produced by an ingot-making method or a thin slab casting method. After the 
steel slab is produced, the steel slab is cooled to room temperature, and then again heated 
according to a conventional process. However, an energy saving process including hot direct 
rolling or direct hot charge rolling may be used without any problem, in which the hot steel slab 
delivered casting machine is rolled directly at the hot strip mill, or the hot steel slab is charged in 
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a heating furnace without being cooled at room temperature and then after slight heat retaining 
hot-rolled. 

[0078] The heating temperature of the slab is preferably as low as possible because the 
{111} recrystallized texture is developed by coarsening the precipitates to improve deep 
drawability. However, with the heating temperature of less than 1000°C 5 the rolling load is 
increased to increase the probability of causing a trouble in hot rolling. Therefore, the heating 
temperature of the slab is preferably 1000°C or more. From the viewpoint of an increase in scale 
loss accompanying an increase in oxide weight, the upper limit of the slab heating temperature is 
preferably 1300°C. 

[0079] The steel slab heated under the above-described conditions is hot-rolled by rough 
rolling and finish rolling. The steel slab is roughly rolled to form a bar. The conditions of rough 
rolling are not particularly specified, and rough rolling may be performed according to an 
ordinary method. From the viewpoint of decreasing the slab heating temperature and preventing 
a trouble in hot rolling, preferably, a so-called bar heater is practically used for heating the bar. 
[0080] Next, the bar is finish-rolled to form the hot-rolled sheet. In this step, the finisher 
delivery temperature (FT) is 800°C or more. This is aimed at obtaining a fine hot-rolled sheet 
microstructure capable of achieving excellent deep drawability after cold rolling and annealing. 
When FT is less than 800°C, the load of hot rolling is increased, and a processing recovery 
(ferrite grains) microstructure easily remains in the hot-rolled sheet microstructure, thereby 
inhibiting the development of the {111} texture after cold rolling and annealing. Therefore, the 
FT is 800°C or more. When the FT exceeds 980°C, the microstructure is coarsened to cause the 
tendency to inhibit the formation and development of the {111} recrystallized texture after cold 
rolling and annealing. Therefore, in order to achieve a high r value, the upper limit of the FT is 
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preferably 980°C. More preferably, the reduction rate in an unrecrystallized y region directly 
above the Ar^ transformation point is increased as much as possible, and thereby a texture 
suitable for increasing the r value can be formed after cold rolling and annealing. 
[0081] In order to decrease the rolling load in hot rolling, lubricating rolling may be 
performed in a portion or over the entire path of finish rolling. The lubrication rolling is 
effective from the viewpoint of the uniform steel sheet shape and homogenization of the material 
property. The coefficient of friction of the lubrication rolling is preferably in a range of 0.10 to 
0.25. A continuous rolling process is also preferred, in which adjacent bars are joined together 
and continuously finish-rolled. The continuous rolling process is preferred in view of the 
operational stability of hot rolling. 

[0082] The coiling temperature (CT) is in a range of 400 to 720°C. This temperature range 
is a proper temperature range for precipitating NbC in the hot-rolled sheet. When the CT 
exceeds 720°C, crystal grains are coarsened to decrease the strength and inhibit an increase in the 
r value after cold -rolled sheet annealing. When the CT is lower than 400°C, the precipitation of 
NbC little takes place to cause difficulty in increasing the r value. The CT is preferably 550°C to 
680°C. 

[0083] The above-described hot-rolling step is capable of producing the hot-rolled steel sheet 
having an average crystal grain size of 8 jam or less. Namely, the high-strength steel sheet of the 
present invention can be produced by a cold rolling step of cold-rolling the hot-rolled sheet used 
as a raw material and having a composition in the above-described ranges and an average crystal 
grain size of 8 jam or less, and a cold-rolled sheet annealing step of recrystallizing the cold-rolled 
sheet and forming the dual phase. 

Microstructure of the hot-rolled sheet: average crystal grain size of 8 jam or less 
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[0084] It is conventionally known for mild steel that the effect of increasing the r value 
increases as the crystal grain size of a hot-rolled sheet decreases. 

[0085] Figs. 2(a), 2(b), 3(a), and 3(b) are optical microphotographs of respective hot-rolled 
steel sheets corroded with a nital solution. The nital solution used was a 3% nitric acid-alcohol 
solution (3% HNO3-C2H5OH), and corrosion was performed for 10 to 15 seconds. 
[0086] Fig. 2(a) is the microphotograph of the hot-rolled sheet containing 0.033% of C and 
no Nb and having an average crystal grain size of 8.9 jam, a steel sheet produced by cold rolling 
and annealing the hot-rolled sheet having an average r value of 0.9. Fig. 2(b) is the 
microphotograph of the hot-rolled sheet containing 0.035% of C and 0.015% of Nb 
((Nb/93)/(C/12) = 0.06) and having an average crystal grain size of 5.9 |um, a steel sheet 
produced by cold rolling and annealing the hot-rolled sheet having an average r value of 1.0. 
Fig. 3(a) is the microphotograph of the hot-rolled sheet containing 0.035% of C and 0.083% of 
Nb ((Nb/93)/(C/12) = 0.31) and having an average crystal grain size of 5.6 |um, a steel sheet 
produced by cold rolling and annealing the hot-rolled sheet having an average r value of 1.3. 
Fig. 3(b) is the microphotograph of the hot-rolled sheet containing 0.035% of C and 0.072% of 
Nb ((Nb/93)/(C/12) = 0.27) and having an average crystal grain size of 2.8 jam, a steel sheet 
produced by cold rolling and annealing the hot-rolled sheet having an average r value of 1.5. 
Figs. 3(a) and 3(b) show the hot-rolled steel sheets having compositions of the present invention. 
Details of the production conditions and the like are shown in Tables 1 and 2 below. 
[0087] Fig. 2(a) shows the hot-rolled steel sheet not containing Nb out of the composition 
range of steel of the present invention and having an average crystal grain size of 8 |um or more, 
thereby showing a low r value. Fig. 2(b) shows the hot-rolled steel sheet containing Nb and thus 
having a fine microstructure, and also having a Nb/C ratio out of the range of the present 
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invention, thereby exhibiting no effect and showing a low r value. Figs. 3(a) and 3(b) show the 
steel sheets having a fine microstructure according to the present invention, thereby showing a 
higher r value. 

[0088] When a hot-rolled steel sheet containing Nb is corroded with a nital solution, a 
normal deep corrosion line (1) and a shallow corrosion line (2) occur as grain boundaries. 
[0089] In the present invention, a crystal grain size was measured using the lines (1) and (2) 
as grain boundaries. 

[0090] With respect to the crystal grain size, a grain boundary with an inclination of 15° or 
more is often referred to as a "large angle grain boundary", and a grain boundary with an 
inclination of less than 15° is often referred to as a "small angle grain boundary". The EBSP 
(Electron Back Scatter Diffraction Pattern) analysis of the shallow corrosion line (2) showed that 
the shallow corrosion line (2) was a small angle grain boundary with an inclination of less than 
15°. The hot-rolled steel sheet of the present invention is characterized by the presence of many 
small angle grain boundaries with an inclination of less than 15°, i.e., many lines (2). As a result 
of measurement of the grain size using both the lines (1) and (2) as grain boundaries, it was 
found that with an average crystal grain size of over 8 |nm, the effect of increasing the r value of 
the high-strength steel sheet of the present invention is not exhibited, while with an average 
crystal grain size of as small as 8 jam or less, the average r value is 1.2 or more, and the effect of 
increasing the r value is exhibited. Therefore, the average crystal grain size of the hot-rolled 
sheet is preferably 8 jim or less. 

[0091] As a result of EBSP analysis of the microstructure of steel of the present invention, it 
was confirmed that measurement of a crystal grain size using the lines (1) and (2) as grain 
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boundaries corresponds to measurement of a grain size assuming that crystal grain boundaries 
with an inclination of 5° or more are grain boundaries. 

[0092] Although details are not clear, therefore, it is supposed that an inclination of 5° or 
more is effective in promoting the occurrence of a recrystallization nucleus suitable for deep 
drawability from a grain boundary in the present invention. 

[0093] As the method for measuring a crystal grain size, a microscopic structure of a sheet 
section parallel to the rolling direction is imaged with an optical microscope, the average section 
length 1 (jam) of crystal grains in a sample is determined by a cutting method according to JIS G 
0552 or ASTM, and the average crystal grain size is determined by (ASTM) nominal grain size 
d n = 1.13 x 1. The crystal grain size may be measured using an apparatus of EBSP or the like. 
[0094] In the present invention, the average section length for the average grain size was 
determined by imaging a microscopic structure of a sheet section parallel to the rolling direction 
with an optical microscope and a cutting method according to JIS G 0552. Namely, the number 
of the ferrite crystal grains which were cut with a predetermined segment length in the rolling 
direction and the direction perpendicular to the rolling direction according to JIS G 0552 was 
measured, the segment length was divided by the number of the ferrite crystal grains cut with the 
segment length to determine a section length in each direction, and an average (arithmetic mean) 
of the section lengths was calculated as the average section length 1 (\xm) of the crystal grains. 
[0095] Furthermore, in the steel of the present invention, 15% or more of the total C content 
is preferably precipitated and fixed as NbC in the hot rolling step. In other words, in the hot 
rolling step, the ratio of C precipitated and fixed as NbC in steel is preferably 15% or more 
relative to the total C content. 
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[0096] The ratio of C precipitated and fixed as NbC in steel relative to the total C content 
(simply referred to as the "ratio of precipitated and fixed C" hereinafter) is the value obtained 
from the amount of precipitated Nb, which is determined by chemical analysis (extraction 
analysis) of the hot-rolled sheet, according to the following equation: 

[C] fix = 100 x 12 x ([Nb*]/93)/[C] t otai 
[0097] When steel does not contain Ti, Nb forms NbN, and thus [Nb*] is the following: 

[Nb*] = [Nb] - (93[N]/14), [Nb*] > 0 
[0098] When steel contains Ti, N preferentially forms TiN, and thus [Nb*] is the following: 

[Nb*] = [Nb] - (93[N*]/14) 
[0099] In these equations, 

[N*] = [N] - (14[Ti*]/48), [N*] > 0 

[Ti*] = [Ti] - (48[S]/32), [Ti*] > 0 

[C]fj x : ratio of precipitated and fixed C (%) 

[C]totai* total C content of steel (% by mass) 

[Nb], [N], [Ti], and [S] represent the amounts (% by mass) of precipitated Nb, 
precipitated N, precipitated Ti, and precipitated S, respectively. 

[0100] As described above, in order to increase the r value, it is effective to decrease the 
amount of solute C before cold rolling and recrystallization, and the presence of precipitated 
NbC promotes an increase in the r value. In the present invention, when the content of 
precipitated and fixed C is 15% or more relative to the total C content in steel, the effect is 
exhibited. When the upper limit of the ratio of precipitated and fixed C relative to the total C 
content satisfies the condition that the Nb content is less than the upper limit of the proper Nb 
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range, (Nb/93)/(C/12) = 0.7, a higher r value and the formation of the martensite phase after 
annealing are both satisfied without any problem. 

[0101] Next, the hot-rolled sheet is cold-rolled to form the cold-rolled sheet (cold rolling 
step). 

[0102] The hot-rolled sheet is preferably pickled for removing scales before cold rolling. 
The pickling may be performed under ordinary conditions. The cold rolling conditions are not 
particularly limited as long as the cold-rolled sheet having desired dimensions can be formed. 
However, the reduction rate of cold rolling is preferably at least 40% or more, and more 
preferably 50% or more. A high reduction rate of cold rolling is effective in increasing the r 
value. When the reduction rate is less than 40%, the {111} recrystallized texture is not easily 
developed, and thus excellent deep drawability is difficult to achieve. On the other hand, in the 
present invention, the r value is more increased as the reduction rate of cold rolling is increased 
in a range of up to 90%. However, when the reduction rate exceeds 90%, the effect is saturated, 
and the load on a roll in cold rolling is increased. Therefore, the upper limit of the reduction rate 
is preferably 90%. 

[0103] Next, the cold-rolled sheet is annealed at an annealing temperature of 800°C to 950°C 
and then cooled in a temperature range from the annealing temperature to 500°C at an average 
cooling rate of 5 °C/s or more (cold-rolled sheet annealing step). 

[0104] The annealing is preferably continuous annealing to be performed in a continuous 
annealing line or a continuous hot-dip galvanization line, for securing the cooling rate required in 
the present invention, and the annealing must be performed in a temperature range from 800°C to 
950°C. In the present invention, the maximum attained temperature of annealing, i.e., the 
annealing temperature, is set to 800°C or more, thereby attaining at least a temperature at which 
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a ct-y intercritical region, i.e., a microstructure including a ferrite phase and a martensite phase, 
can be obtained after cooling, and at least the recrystallization temperature. When the annealing 
temperature is lower than 800°C, the martensite phase cannot be sufficiently formed after 
cooling, or recrystallization is not completed to fail to form a texture of a ferrite phase, thereby 
failing to increase the r value. Therefore, the annealing temperature is 800°C or more. On the 
other hand, when the annealing temperature exceeds 950°C, recrystallized grains are 
significantly coarsened, thereby significantly degrading the characteristics. Therefore, the 
annealing temperature is 950°C or less. 

[0105] Furthermore, when the heating rate of the steel sheet of the present invention during 
the annealing, particularly the rate of heating from 300°C to 700°C, is less than 1 °C/s, strain 
energy tends to be released due to recovery before recrystallization, and consequently the driving 
force of recrystallization is decreased. Therefore, the average heating rate from 300°C to 700°C 
is preferably 1 °C/s or more. The upper limit of the heating rate need not be particularly 
specified, but, with current equipment, the upper limit of the average heating rate from 300°C to 
700°C is about 50 °C/s. Therefore, the temperature is preferably increased from the 700°C to the 
annealing temperature at a heating rate of 0.1 °C/s or more from the viewpoint of formation of 
the recrystallized texture. However, when the temperature is increased from 700°C to the 
annealing soaking temperature (annealing ultimate temperature) at 20 °C/s or more, 
transformation from an unrecrystallized portion or transformation of the unrecrystallized portion 
itself easily proceeds to cause a disadvantage in forming the texture. Thus, the heating rate is 
preferably 20 °C/s or less. 

[0106] With respect to the cooling rate after the annealing, cooling must be performed in a 
temperature region from the annealing temperature to 500°C at an average cooling rate of 5 °C/s 
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or more from the viewpoint of formation of the martensite phase. When the average cooling rate 
in the temperature region is less than 5 °C/s, the martensite phase is not easily formed to form a 
ferrite single-phase microstructure, thereby failing to sufficiently strengthen the microstructure. 
[0107] In the present invention, the presence of a second phase including a martensite phase 
is essential, and thus the average rate of cooling to 500°C must be the critical cooling rate or 
more. This can be satisfied by an average cooling rate of 5 °C/s or more. Cooling to lower than 
500°C is not particularly limited, but the cooling is preferably performed continuously or 
preferably up to 300°C at an average cooling rate of 5 °C/s or more. When overaging is 
performed, the average cooling rate is preferably 5 °C/s or more up to the overaging temperature. 
[0108] From the viewpoint of formation of the martensite phase, the upper limit of the 
cooling rate need not be particularly limited, and roll quench cooling, gas jet cooling, cooling 
with a water quenching apparatus, or the like may be used. 

[0109] After the cold-rolled sheet annealing step, a plated layer may be formed on a surface 
of the steel sheet by surface treatment such as electroplating or hot-dip galvanization. 
[0110] For example, when hot dip galvanization, which is frequently used for automobile 
steel sheets, is performed as plating, the annealing may be performed in a continuous hot dip 
galvanization line so that the steel sheet is dipped in a hot dip galvanization bath in succession to 
cooling after the annealing to form a galvanized layer on a surface. In this case, the steel sheet 
removed from the hot dip galvanization bath is preferably cooled to 300°C at an average cooling 
rate of 5 °C/s or more. After dipping in the hot dip galvanization bath, alloying may be further 
performed to produce an alloyed, galvannealed steel sheet. In this case, the steel sheet after 
alloying is preferably cooled to 300°C at an average cooling rate of 5 °C/s or more. In cooling 
after the hot dip galvanization bath or after the alloying, from the viewpoint of formation of the 
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martensite phase, the upper limit of the cooling rate need not be particularly limited, and roll 
quench cooling, gas jet cooling, cooling with a water quenching apparatus, or the like may be 
used. 

[0111] Alternatively, the steps up to cooling after the annealing may be performed in an 
annealing line, and then hot-dip galvanization may be performed in a separate hot-dip 
galvanization line after cooling to room temperature, or alloying may be further performed. 
[0112] The plated layer is not limited to plated layers formed by pure zinc plating and zinc 
alloy plating, and, of course, various plated layers conventionally formed on surfaces of steel 
sheets, such as plated layers formed by Al plating, Al alloy plating, and the like may be formed. 
[0113] The cold-rolled steel sheet (also referred to as the "cold-rolled annealed sheet") or the 
plated steel sheet produced as described above may be temper-rolled or leveler-processed for 
correcting the shape, controlling the surface roughness, or the like. The elongation of temper 
rolling or leveler processing is preferably in a range of 0.2 to 15% in total. When the elongation 
is less than 0.2%, possibly, the intended purpose of correcting the shape, controlling surface 
roughness, or the like cannot be achieved. When the elongation exceeds 15%, the ductility 
undesirably tends to significantly decrease. It has been confirmed that the temper rolling and 
leveler processing are different in processing form, but the effects thereof are not so different. 
The temper rolling and leveler processing are also effective after plating. 
EXAMPLES 

[01 14] Examples of the present invention will be described below. 

[0115] Melted steel having each of the compositions shown in Table 1 was refined by 
converter and formed in a slab by a continuous casing method. Each of the steel slabs was 
heated to 1250°C and roughly rolled to form a bar, and the bar was finish-rolled in a hot rolling 
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step under the conditions shown in Table 2 to form a hot-rolled sheet. The hot-rolled sheet was 
pickled and cold-rolled with a reduction rate of 65% in a cold rolling step to form a cold-rolled 
sheet having a thickness of 1.2 mm. Then, the cold-rolled sheet was continuously annealed in a 
continuous annealing line under the conditions shown in Table 2. The resultant cold-rolled 
annealed sheet was temper-rolled with an elongation of 0.5%, followed by evaluation of 
characteristics. The steel sheets of Nos. 2 and 9 were produced by the cold rolling annealing step 
in a continuous hot dip galvanization line, hot-dip galvanization (plating bath temperature: 
480°C) in the same line to produce a galvanized steel sheet, and then temper rolling, followed by 
evaluation of characteristics. Fig. 2(a) shows steel sheet No. 25; Fig. 2(b), steel sheet No. 26; 
Fig. 3(a), steel sheet No. 27; and Fig. 3(b), steel sheet No. 28. 

[0116] Table 2 shows the results of measurement of the microscopic structure, tensile 
properties, and r value of each of the resultant cold-rolled annealed sheets and galvanized steel 
sheets. Also, the hot-rolled sheets after the hot rolling step were examined with respect to the 
ratio of precipitated and fixed C and the microscopic structure (crystal grain size). The 
examination methods were as follows: 

(i) Ratio of C precipitated and fixed as NbC in hot-rolled sheet 
[0117] As described above, the amounts of precipitated Nb, precipitated Ti, precipitated N, 
and precipitated S were determined by extraction analysis, and the ratio of precipitated and fixed 
C was determined by the following equation: 

[C]fix = 100 x 12 x ([Nb*]/93)/[C] t otai 
[0118] When steel does not contain Ti, [Nb*] is the following: 

[Nb*] = [Nb] - (93[N]/14), [Nb*] > 0 
[0119] When steel contains Ti, [Nb*] is the following: 
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[Nb*] = [Nb] - (93[N*]/14) 
[0120] In these equations, 

[N*] = [N] - (14[Ti*]/48), [N*] > 0 
[Ti*] = [Ti] - (48[S]/32), [Ti*] > 0 
[C]fi x : ratio of precipitated and fixed C (%) 
[C] to tai: total C content of steel (% by mass) 

[Nb], [N], [Ti], and [S] represent the amounts (% by mass) of precipitated Nb, 
precipitated N, precipitated Ti, and precipitated S, respectively. 

[0121] In a method of extraction analysis, the residue obtain by electrolytic extraction with a 
10% maleic acid electrolyte was fused with an alkali, and then the resultant melt was dissolved 
in an acid and then quantitatively measured by ICP emission spectroscopy. 

(ii) Crystal grain size of hot-rolled sheet 

[0122] After nital corrosion, a section (L section) of the sheet parallel to the rolling direction 
was imaged with an optical microscope, and the average section length 1 (|Lim) of crystal grains 
was determined by the cutting method according to JIS G 0552, as described above. The crystal 
grain size was denoted by (ASTM) nominal grain size d„ = 1.13 x 1. As described above, normal 
deep corrosion lines and shallow corrosion lines, which occurred by nital corrosion, were 
counted as grain boundaries. It was confirmed by EBSP analysis that the average crystal grain 
size measured as described above corresponds to the value measured assuming that crystal grain 
boundaries with an inclination of 5° or more are regarded as crystal grain boundaries. The nital 
solution used was a 3% nitric acid-alcohol solution (3% HNO3-C2H5OH), and corrosion was 
performed for 10 to 15 seconds. 

(iii) Microscopic structure of cold-rolled annealed sheet 
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[0123] A test piece was sampled from each of the cold-rolled annealed sheets, and a 
microscopic structure of a sheet section (L section) of each sample parallel to the rolling 
direction was imaged with an optical microscope or a scanning electron microscope with a 
magnification of 400 to 10000. The types of the phases were observed, and the area ratios of a 
ferrite phase as a main phase and a second phase were determined from an image of 1000 to 
3000 magnifications. 

(iv) Tensile properties 

[0124] A tensile test piece of JIS No. 5 was sampled from each of the resultant cold-rolled 
annealed sheets in a direction (C direction) at 90°C with the rolling direction, and a tensile test 
was carried out at a crosshead speed of 10 mm/min according to the specifications of JIS Z 2241 
to determine yield stress (YS), tensile strength (TS), and elongation (El). 

(v) Average r value 

[0125] Tensile test pieces of JIS No. 5 were sampled from each of the resultant cold-rolled 
annealed sheets in the rolling direction (L direction), a direction (D direction) at 45° with the 
rolling direction, and a direction (C direction) at 90° with the rolling direction. Each of the test 
pieces was measured with respect to width strain and thickness strain when 10% uniaxial tensile 
strain was applied. Using these measured values, the average r value (average plastic strain 
ratio) was calculated from the following equation according to the specifications of JIS Z 2241: 

Average r value = (r 0 + 2r4 5 + r9o)/4 
wherein r 0 , r 45 , and r 90 denote the plastic strain ratios of test pieces sampled at 0°, 45°, and 90°, 
respectively, with the rolling direction of the sheet plane. 

(vi) Texture 
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[0126] Energy dispersive X-ray diffraction was performed using white X-rays at a position at 
a 1/4 thickness of each of the resultant cold-rolled annealed sheets. The measurement planes 
included a total of 10 planes of (110), (200), (211), (220), (310), (222), (321), (400), (411), and 
(420) which are principal diffracting planes of a-Fe. The normalized X-ray integrated intensity 
ratio of each plane was determined as a relative intensity ratio to a nonoriented standard sample. 
The determined normalized X-ray integrated intensity ratios P(222> P(2oo) ? P(uo), and P(3io) of the 
respective (222), (200), (110), and (310) planes were substituted into the respective terms on the 
right side of the following equation to calculate the term A on the left side: 

A = P(222/ {P(200) + P(U0) + P(310)} 

[0127] The measurement results shown in Table 2 indicate that in all examples of the present 
invention, TS is 440 MPa or more, the average r values are 1.2 or more, and thus deep 
drawability is excellent. On the other hand, the steel sheets of comparative examples produced 
under conditions out of the range of the present invention have low strength or r values of less 
than 1.2, and thus exhibit low deep drawability. 

Industrial Applicability 

[0128] According to the present invention, a high- strength steel sheet having an average r 
value of 1.2 or more and excellent drawability can be stably produced at low cost even when 
strength TS is 440 MPa or more or when the strength TS is 500 MPa or 590 MPa or more. 
Therefore, an industrially significant effect can be exhibited. For example, when a high-strength 
steel sheet of the present invention is applied to an automobile part, the strength of a portion, 
which has have difficulty in press forming so far, can be increased, thereby causing the effect of 
sufficiently contributing to safety at the time of crash and weight lightening of vehicles bodies. 
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The steel sheet can also be applied household electric appliances and pipe materials as well as 
automobile parts. 
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